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Abstract: Interferon-a (IFN-a) has proven to be 
a clinically effective antiviral and antineoplastic 
therapeutic drug for more than 16 years. During 
this time, evidence from in vitro laboratory studies 
and the clinical arena has supported the concept 
that IFN-a is an immunotherapeutic drug. By reg- 
ulating a diverse set of cytokines and their recep- 
tors, IFN-a is uniquely positioned to prime the host 
Mimune response and provide an effective antineo- 
plastic- and antiviral-immune response. IFN-a 
stimulates the innate cell-mediated response and 
then participates in the transition of the initial host 
innate response into an effective adaptive-immune 
response. IFN-a also drives the adaptive cell-me- 
diated CD8+ T-cell response and helps to maintain 
a CD4+ Thl-cell population balance for an effec- 
tive antineoplastic and antiviral host defense. This 
. eview will describe the current state of knowledge 
of IFN-a as an immunoregulatory protein and ad- 
dress specific issues of IFN-a as an immunothera- 
peutic for antineoplastic and antiviral diseases. J. 
Leukoc. Biol. 71: 565-581; 2002. 
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INTERFERON-a (IFN-a), THE QUIET IMMUNE- 
REGULATORY CYTOKINE 

First described as a protein secreted by fibroblasts, the IFN-a 
cytokine was shown to induce paracrine resistance against lytic 
virus infection [1]. Yet, an active virus infection was not 
required solely for the induction of IFN-a, because expression 
•mid also be induced by the treatment of cells with endotox- 
. ;s. dsRNA, poly (I:C), or CpG [2-5]. Later, an IFN-a homo- 
logue was identified from lymphoid cells, the IFN-7 protein 
that could also be expressed by nonlymphoid cells [6, 7], These 
experiments led to the classification of IFN-a and IFN-P as 
Type I and IFN-7 as Type II IFNs. It now appears that IFN-a/p 
and IFN-7 have nonredundant and functionally complementary 
activities in the host response to viral infection [8-10]. 

A thorough analysis of IFN-a expression shows that IFN-a 
; - secreted not only by fibroblasts but also by T cells, macro- 
ages, plasmacytoid monocytes, dendritic cells (DCs), and 
natural killer (NK) cells [2-4, 11, 12]. More recently, IFN-a 
has been classified as the "leukocyte interferon" [13). This 
designation was intended to refer to the principal host cell 
secreting the IFNj rather than to serve as a comment on the 
cytokine's immunologic mechanism of action. The current 



working model for IFN-a proposes that the "professional" 
IFN-a/p secretor cells are the CD4+CDllc-type 2 DC pre- 
cursors (pDC2s) [14-16]. The pDC2 cells secrete between 200 
and 1000 times more IFN-a than any other white blood cell 
[16]. Because DCs are important to the migration of activated 
T cells to injured/infected tissue, IFN-a is involved indirectly 
in regulation of the local immune response [17]. The putative 
role of the pDC2 also highlights an important aspect of IFN 
biology: that the regulation of patient-innate and adaptive- 
immune responses to IFN-a therapy may vary depending on 
dose and administration schedule. This concept serves to em- 
phasize the potentially important role that a low-dose, sys- 
temic, therapeutic administration of IFN-a during antineoplas- 
tic or antiviral treatment may serve mechanistically as a prim- 
ing cytokine for the host immune response [15, 18]. 

IFN-a primes the host immune response 

IFN-a and IFN-7 are important to host immune defense 
against neoplastic and viral diseases [8-10]. Biron [19] was 
perhaps the first reviewer to state clearly, "IFN-a/p play a 
dominant role in shaping downstream innate and adaptive 
immune responses to viral infection" (Fig. 1). Because IFN-a 
expression occurs as an early response to infection, it precedes 
a majority of the other innate-immune response cytokines. In 
fact, the timing of IFN-a expression after infection suggests 
that its primary role is to induce a priming state during the 
initial immune response to infection [20-22], This IFN-a- 
induced priming activity is thought to augment the host pri- 
mary-immune response to viral infection [18]. However, IFN-a 
activity on the immune system also shows an overlapping 
function (and in some instances, a synergy) with other "early 
response" cytokines [e.g., transforming growth factor-a 
(TCF-a) and interleukin (IL)-2; 23]. Thus, it has been sug- 
gested that IFN-a is the first and most important cytokine 
secreted by antigen-presenting cells (APC) after antigen stim- 
ulation by a T-helper cell type (Th)0 cell [21]. The phenomena 
known as priming was first shown when it was observed that a 
low-dose IFN-a treatment preceding viral, endotoxin, or 
poly(I:C) challenge resulted in an increased protection from 
viral challenge [3, 18]. An JFN-a-induced priming response is 
also seen with IL-2 production in mitogen-activation models 
that are enhanced by IFN-a pretreatment [23]. 
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Fig. 1. IFN-a ,s important lo the transition of the immune system from an innate response to an adaptive response. This transition is critical for the effective 
clearance of all nonself or foreign antigens and the maintenance of immunological memory. As shown, IFN-a affects numerous cell types including the induction 
of macrophage activity, NK ^ cytotoxicity, and CTL activity and the decrease of neutrophil activation. These activities show overlapping function with other early 
response cytokines such as TCF-ot and IL-2 and in some situations, can induce a synergic response. * 



The ability of IFN-a to prime the host immune system is 
consistent with the dose-dependent responses typically seen 
with cytokines eliciting low-dose stimulating effects and high- 
dose, tolerizing, or suppressant anergics [3, 23-25]. Low-dose 
treatment with IFN-a has been shown to down-regulate de- 
layed-type hypersensitivity and cellular infiltration into the 
peripheral lymph nodes [26]. High doses of IFN-a are clini- 
cally effective against viral or neoplastic disease but are poorly 
tolerated by the patient [24]. In theory, low-dose treatments 
mimic, early endogenous IFN-a priming events [27]. Studies 
suggest that low-dose treatment with IFN-a resembles a mu- 
cosal immune response in comparison with a systemic immune 
response [27]. Mucosal immunity is often referred to as local 
iinmunity, and so the distinction with IFN-a low-dose treat- 
ment, is not lost. For example, the local delivery of IFN-a is 
responsible for NK and T-cell responsiveness lo IL-12-induced 
secretion of IFN-y and subsequently drives a Th] response 
[19]. Additional local effects of IFN-a treatment include a 
block in the IL-8 attraction and activation of neutrophils at 
mnaniination sites [23]. 



IFN-a links the transition of innate to adaptive 
immunity 

IFN-a may be very importani in linking the innate-immune 
response with the sustained adaptive-immune response [20- 
23, 28-30]. The innate-immune response usually consists of 
the cell-mediated response of NK cells to nonself (e.g., neo- 
plastic) or foreign (e.g., viral) antigen. Although important for 
the initial defense of the host, the innate-immune response 
must transition to the more efficient and specific adaptive- 
immune response to clear the nonself or foreign antigen effec- 
tively. Critical to IFN-a regulation of the transition from the 
innate- to the adaptive-immune response is the fact that IFN-a 
treatment has been shown directly or indirectly to regulate the 
activity of other cytokines and chemokines (Fig. 2) [19, 23, 
25]. To date, these include IFN-7, IL-1, IL-2, IL-3, IL-6, IL-8, 
IL-12, IL-13, IL-1 5, tumor necrosis factor a (TNF-a), granu- 
locyte-macrophage colony-stimulating factor (GM-CSF), 1FN- 
inducible protein 10 (IP-10), and IFN-stimulated gene 15 
(ISG-15) [19, 23, 31-36). The complexity of the regulation is 
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Fig. 2. As an immunomodulatory cytokine, IFN-a regulates the transcription of multiple cytokine and chemokine pathways directly or indirectly. Direct 
transcriptional regulation occurs after ligand binding to the type I IFN receptor and the initiation of a signal -transduction cascade, which includes members of the 
JAK and STAT families. Because the direct transcriptional regulation is dose-, time-, and cell-type-dependent, this emphasizes the diversity of attributable IFN-a 
activities and the difference between high- and low-dose therapies. 



demonstrated further by a synergy between IFN-a and several 
other cytokines, most important including IFN-0 and IFN-7 
[20, 23, 37, 38]. For example, IFN-a syngergizes with IL-18 to 
induce IFN-7 gene transcription and protein expression [22]. 
In fact, a possible nexus for the innate-to-adaptive transition 
may be through the IFN-a-induced up-regulation of IFN-7 
nrotein in CD4+ and CD8+ T cells and NK cells [31, 39, 40], 

urthermore, it has been suggested that IFN-a signal trans- 
duction is augmented and expanded by the signal -transduction 
capacity of IFN-7 [20, 37-39, 41, 42]. Despite these important 
signal -transduction responses, antagonism of IFN-a- and IFN- 
"7-induced transcriptional activation has been observed with 
cytokines such as IL-4 [43]. Together, these observations un- 
derscore the complexity of the immunological regulatory mech- 
anisms for IFN-a. 

Additional literature suggests that IFN-a regulation of the 

■ist immune system is not mediated solely through the regu- 
lation of other cytokines and chemokines, but through the 
regulation of cytokine- and chemokine-receptor expression at 
the cell surface [44]. For example, IFN-a up-regulates the 
IL-12Rp2 subunit in CD4+ T cells and thus, increases APC 
responsiveness to IL-12 [23, 44]. To dale, IFN-a has been 



shown to regulate the cell-surface expression or soluble ex- 
pression of CXCR4, CCR5, TNF-a, IL-2R, IL-1R, IL-4R, 
IL-6R, and IL-18R components [22, 23, 28, 45-47, 82]. 

IFN-a regulates the immune response through 
the Th1/Th2 balance 

The predisposition and regulation of the CD4+ Th population 
are important in determining how well the host responds to an 
infection or a neoplasm and if it is capable of sustaining an 
effective, antiseptic response over the length of the challenge 
[48]. Recently, the importance of the balance between the 
CD4+ Thl and Th2 cell populations on immune-system func- 
tion has been reviewed" in-depth and will not be addressed 
thoroughly in this article [49, 50]. However, a putative role for 
IFN-a in the regulation of the Thl response has been sug- 
gested. Specifically, in vivo IFN-a treatment promotes Thl cell 
differentiation indirectly and re-establishes a ThirTh2 popu- 
lation balance in diseases and infections that promote a Th2 
cell imbalance [29, 51]. One possible mechanism is mediated 
through the IFN-a-induced up-regulation of IL-12R. During 
differentiation of human naive T cells into the Thl and Th2 
subsets after stimulation with antigen, there is a selective 
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. expression of the IL-12Rf32 subunil on IWeells onlv. In fact 
U-J2 and I FN -a can induce the expression of IL-12RB2 in 
!Thl cells, thus selectively promoting a Thl response [23. 27. 
|44, 52]. Furthermore, IFN-7 is a key regulatory cytokine 
involved in the promotion and maintenance of the Thl cell 
population and is secreted by CD4+ T cells induced with 
IFN-a. Thus, IFN-a stimulates Thl cell development indi- 
rectly [29-31, 51, 53-55]. Although influencing the Thl cell 
population positively, IFN-a also appears to suppress the Th2 
cell development through the suppression of IL-4 and IL-13 
gene expression [30]. The immediate effect dampens the Th2 
response by blocking IL-4 protein inducible activity, thus 
decreasing potential antigen hypersensitivity and maximizing 
the innate cell-mediated response [30]. 



DIRECT EFFECTS OF IFN-a ON THE HOST 
IMMUNE SYSTEM 

IFN-a direct stimulation of the innate-immune 
response 

The most striking innate-immune activity resulting from IFN-a 
treatment is the direct stimulation of NK cell-mediated, cyto- 
toxic killing activity [34, 56, 57]. NK cell cytotoxicity is 
important to the clinical remission of chronic myelogenous 
leukemia (CML) and the pathological remission of hepatitis C 
virus (HCV)-infected patients [58, 59]. NK cells are one of the 
first professional killing cells to arrive in the early antineoplas- 
tic and antiviral immune response. Because NK cell cytotox- 
icity is nondirected, the activity is categorized as being a part 
of the innate-immune response. Locally produced IFN-a stim- 
ulates increased cytotoxic killing activity in regional NK cells, 
and although the mechanism of action is unclear, one aspect is 
mediated through a direct induction of perforin mRNA expres- 
sion in CD8+ and NK cells [34, 60-62] and IFN-a has two 
other important regulatory effects on NK cells. IFN-a stimu- 
lates the proliferation of NK cells [25, 63]. IFN-a also en- 
hances the production or secretion of other cytokines by the 
NK cell through the autocrine IFN-7 loop [34, 56, 62, 64, 65]. 
However, it should be noted that although IFN-a stimulates 
NK cell cytotoxicity, it also protects normal/un infected cells 
from antibody-independent cell death by decreasing their sus- 
ceptibility to nonspecific cell death [60, 66, 67]. The regulatory 
role of IFN-a on NK and target cells underscores both concepts 
for IFN-a as a requisite-priming cytokine and as a local 
effector molecule. 

IFN-a regulation of the adaptive-immune 
response 

Following the innate response, the host must adapt the immune 
system efficiently against the foreign antigen to create a strong, 
antigen-specific, prolonged, and regulated immune response. 
Adapnve immunity is initiated and driven by the proper cog- 
nate presentation to T cells of nonself, foreign antigen by the 
class Lor class U major histocompatibility complex (MHC) on 
ArL. Specifically , antigen presentation by the class 1 MHC 
complex or by the class II complex on a B cell stimulates the 
cell-mediated CD8 cytotoxic T-cell response [68], 
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IFN-a has been showing effect the CD8+ T-cell and B-cell 
adaptive-immune response f 69]. Such effect? extend from a 
profound regulatory role by IFN-a in stimulating the prolifer- 
ation, activation, and generation of existing memory CD8 + 
cytotoxic T cells (CTLs) to the .stimulation of lymphocyte- 
activated killer (LAK) activity [20, 42, 70, 71]. IFN-a treat- 
ment, or treatment with inducers of JFN-a, is important for the 
clonal expansion and survival of the memory CD8+ T-cell 
population in an antigen-independent manner [70, 71]. How- 
ever, this type of bystander effect is not as powerful a response 
as that seen characteristically with antigen-specific expansion 
during viral infection, which logarithmically expands the pop- 
ulation of a few specific CD8+ T-cell populations tvpically 
from 1000- to 10,000-fold [72]. Yet, the IFN-a-stimulated 
expansion of the entire population of CD8+ T cells is inde- 
pendent of T-cell receptor (TCR) activation and represents a 
unique mechanism of control over adaptive-immune responses 
[70]. The importance of IFN-a in this effect has been suggested 
using IFN-a/3R knockout mice. Sun et al. [5] suggest a com- 
plete absence of bystander effects upon CpG DNA challenge in 
vivo and in vitro. Similar bystander effects have been seen with 
IL-12, IL-15, 1L-18, CpG, poly(l:Q, and IFN-7 treatment, 
which suggests a common and redundant cytokine mechanism 
for eradication of infectious agents [5,. 36, 70, 73]. This by- 
stander activity is important to the preservation of long-term 
T-cell memory and would occur during intermittent viral in- 
fections that induce IFN-a expression [72]. Furthermore, type 

I IFNs are also known to be involved with the nonspecific 
maintenance of T cells through an inhibition of apoptosis and 
forced quiescence in the absence of antigen [74]. Thus, IFN-a 
assists in antigen specificity, selection, and proliferation of 
CD8+ T cells during the adaptive-immune response and high- 
lights an important interaction between the nonspecific innate- 
immune system and the adaptive-immune system. 

Another significant activity of IFN-a identified very early 
from in vitro studies was the up-regulation of class I and class 

II MHC expression [75-77]. IFN-a up-regulates the transcrip- 
tion of class I MHC proteins directly, resulting in increased 
antigen presentation, immune surveillance, and cognate cell- 
mediated killing to eliminate virally infected and neoplastic 
cells [77, 78]. The up-regulation of class I MHC by IFN-a also 
promotes the development of CD8+ T-cell responses [70]. 
IFN-a and IFN-7 up-regulate class II MHC expression, which 
promotes enhanced CD4+ T-cell responses and antigen pre- 
sentation [76, 79]. 

The role of IFN-a on the B-cell -mediated, adaptive response 
is more subtle. The clearest effect observed has been with 
immunoglobulin (Ig) production. IFN-7 and IFN-a have been 
shown to enhance IgG production and down-regulate IgE se- 
cretion in B cells [69, 78, 80, 81]. Under the direction of 
IFN-a, the Ig isotype-selection process induces a predomi- 
nantly IgC2a antibody-isotype response [69]. It is suggested 
that IFN-a down-regulates IgE secretion through the post- 
transcriptional down -regulation of IL-4 and the IL-4R mRNA 
[82]. This IFN-a activity antagonizes lL-4-driven, Th2 immune 
responses and may also compliment the IFN-a stimulation of 
macrophage antibody-dependent cytotoxicity by the stimula- 
tion IFN-7 and inducible nitric oxide synthase (iNOS) expres- 
sion in macrophages [83, 84]. 

hit) >:// wKw.jlriikl mi.org 



Because the suppression of IgE production is important to 
the early immune response, ii has been suggested thai IFN-a 
secretion by an APC controls crucial immune responses of B 
and T cells [69]. However, this is thought to he an indirect 
effect because maximal Ig response to IFN-a treatment was 
observed in B ceils only when they interact with Th" cells [78]. 
Other IFN-a-regulated B-cell effects include the induction of 
! .-15 mRNA expression in macrophages, which stimulate T 
ells indirectly via IL-15 activity [36, 73]; the enhancement of 
murine macrophage phagocytosis in combination with M-CSF 
and 1L-4 [85]; and the regulation of hematopoietic differenti- 
ation of macrophage lineage DCs with potent APC activity [35]. 

IFN-a has also been shown to influence lymphocyte traf- 
ficking through autocrine effects by contributing to the mobi- 
lization of the adaptive-immune response [4, 11, 72]. This is 
important for the anti-infective and immunoregulatory function 
-luring an immune response and is also important to recruit 
-cell, B-cell, and NK cell populations from bone marrow into 
specialized secondary areas/tissues for antigen presentation. 
This localization also delivers NK cell-produced cytokines to 
the affected area and increases the likelihood for T- and B-cell 
activation in a region where there are few antigen-specific cells 
[21, 62].. The effect promotes an adaptive immune response 
during primary infection and increases the likelihood of acti- 
vating low-frequency antigen-specific cells [21]. Although it 
remains to be determined whether this IFN-a activity is direct 
r indirect, the IFN--y-induced chemokine IP-10 has also been 
shown to promote the migration of T cells and monocytes, 
suggesting an indirect IFN-a effect [32], 

IFN-a signal transduction and the immune 
response 

To date, in vitro IFN-a mechanism-of-action studies have 

identified multiple protein components involved in a cellular 
signal-transduction cascade. In addition to regulating the im- 

nune system, this* signal cascade also mediates the cellular 
response to inappropriate, uncontrolled cellular proliferation 
and viral infection. Important cellular components involved 
with the classical IFN response include the JAK kinases, 
STAT transcriptional regulators, IRF transcription factors, 
RNase L, 2',5' oligo A synthetase (2', 5' OAS), and PKR, all of 
which have been described thoroughly elsewhere [86]. These 
experiments have identified an IFN response that includes 
transcriptional and non transcriptional effects [86-88]. Al- 

lough viral infection is a common method to induce an IFN 
response, cellular stress and radiation can also stimulate 
IFN-a protein production or IFN-regulated genes [12, 89]. 

Presumably because IFN-a regulates the transcription of 
numerous gene products positively and negatively, including 
transcriptional activators and other cytokines, the effect of 
IFN-a treatment has often been described as pleomorphic. In 
fact, the regulation of other cytokines highlights the difficulty 
m identifying IFN-a -specific/direct effects on the host immune 
ystem. Additionally, the JAK/STAT pathways are used by 
many other signal-transduction-effector molecules including 
1FN-7 [41, 90]. Thus, it is not surprising that the direct 
biological consequences of IFN-a treatment have frequently 
been difficult to elucidate. Furthermore, a number of contro- 
versial and dogmatically defined IFN-a functions and activities 



could be a result of cell-differentiation state, cell tv pe , and 
concentration dependence [86]. Experiments using m'icroarrav 
and proteomics analysis have begun to examine the complex 
cellular response induced by IFN-a and IFN-7 treatment 
[91-94]. However, much of the intracellular IFN-a mechanism 
of action remains to be clarified. 

IFN-a as an immunotherapeutic protein 

Early in vitro studies focused on the antiviral effect of IFN-a 
using mammalian cell lines infected with a variety of viruses 
(e.g., influenza, encephalomyocarditis virus (EMC), vesicular 
stomatitis virus (VSV), and lymphocytic choriomeningitis virus 
(LCMV); for review, see ref. [95]}. In addition to a direct 
antiviral effect, these studies have shown that IFN-a had a 
dramatic, inhibitory effect on cellular proliferation [96]. Be- 
cause most of the cell lines used for in vitro studies were 
transformed, these early findings lead to research focusing on 
the antineoplastic properties of the IFN-a. In fact, the first 
FDA-approved clinical indication for IFN-a was against Hairy 
Cell Leukemia (HCL) [97]. Important to a discussion of mech- 
anism of action is the fact that the antiproliferative effect of 
IFN-a appears to be independent of its antiviral activity, 
suggesting distinct mechanisms for the two activities [98-100]. 
However, a clear mechanism of action of immune regulation by 
IFN-a has yet to be elucidated because of the complexity of the 
immune system and malignant/viral disease progression. Re- 
cent data from clinical trials with IFN-a have revealed that 
there is a significant component of the immune response in- 
volved in the observed antineoplastic and antiviral activity [10, 
101, 102]. Thus, although each origin of clonal neoplasm or 
type of virus tends to have unique aspects to its respective 
regulation, it is our contention that the immunologic compo- 
nents modulated by IFN-a therapy are critical elements in 
conferring therapeutic efficacy in the clinic. As a result, dis- 
ease resolution or viral eradication by IFN-a may have distinct 
requirements that balance a direct intracellular effect and an 
immunomodulatory effect of IFN-a (Fig. 3). Studies designed 
to elucidate the immunomodulatory activity further are impor- 
tant in the future development of IFN-a as a clinical immu- 
notherapeutic. 



ANTITUMOR IMMUNOLOGY 

IFN-a has a greater demonstrated, overall impact for hemato- 
logical malignancies than for solid tumors, and the immuno- 
logical response to IFN-a treatment has been shown to be 
critical to a clinical antitumor effect [101]. IFN-a has a well- 
known antitumor activity in mouse and human malignancies 
and has been shown to decrease the tumorigenicity of trans- 
planted tumor cells [42, 103]. In fact, an immunological role 
for IFN-a was demonstrated first with L1210 lymphoma cells 
that are resistant to IFN-a treatment in vitro, and in vivo IFN-a 
treatment in a murine model inhibited tumor development and 
growth [104]. The mechanism for this effect was partially a 
result of CD8+ CTL activity [104]. In a clinical setting/the 
first! licensed approval for an IFN therapeutic in the United 
States was as a treatment against HCL; this IFN-a indication 
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was also the first FDA-approved biological therapy for a human 
malignancy [97]. During IFN-a treatment of HCL patients, a 
decreased bone marrow infiltration by malignant cells was 
observed and resulted in a normalization of peripheral hema- 
tologic variables and a decrease in patient morbidity [97]. 

Because IFNs elicit a pleomorphic effect and target the 
transcription of a specific subset of genes, their use and mech- 
anism of action are unique compared with conventional, sys- 
temic chemotherapy that typically target DNA synthesis [101]. 
This makes combination treatment of IFN-a with standard 
chemotherapeutics more likely in future clinical trials, with the 
possibility of increasing antitumor activity compared with sin- 
gle-drug treatment [101]; Recent studies combining IFN-a 
with standard chemotherapeuucs have begun to show the 
promise of such combination therapies [105, 106]. However, it 
is still unclear if the antitumor mechanism of action of IFN-a 
is because of direct antiproliferative or apoptosis effects, im- 
mune-system stimulation of a CTL-mediated immune response, 
or cytokine stimulation. Of course, a combination of these 
activities is likely. Future studies with IFN-a in human and 
animal models will be needed to address this gap in under- 
standing.: 



What is known currently is that an important step to the 
elimination of a solid tumor is through immunosurveillance, 
and IFN-a plays an important role in controlling tumor growth 
through the regulation and proliferation of memory CD8+ T 
cells in a way that is not seen with IFN--y, G-CSF, or IL-4 
treatment [42]. Alterations in MHC-antigen expression are 
crucial to oncogenesis and metastasis development. Most tu- 
mor cells exhibit a partial or complete loss of MHC anligens on 
the cell surface [107, 108]. These tumor-specific effects result 
in a paucity of tumor antigen presented by APC DCs as a result 
of an absence of T-cell activity and the poor infiltration of DCs 
into tumors [108]. DCs play an important role in antitumor 
immunosurveillance as rare, potent APCs and IFN-a-produc- 
ing cells [109]. The expression of nonself antigens when pre- 
sented through class I MHC complexes is critical to the stim- 
ulation of an adaptive-immune response involving the CD8+ 
cytotoxic lymphocyte activity. Thus, although CTLs are crucial 
effectors to immunosurveillance, they are not normally acti- 
vated effectively in tumor-bearing hosts. In fact, cancer pa- 
tients show low or undetectable levels of CTL in peripheral 
blood, and reduced immunological cell performance is a prog- 
nostic indicator of antitumor-immune response for advanced 
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i t'rvii:al cancer [108, 110]. Antitumor therapies that up-regu- 
\ii\e. MHC gene expression in tumor ceiis (including IFNs, 
retinoic acid, and calcitrol) are thought to induce immunologic 
rejection of the tumor cell. Because IFNs can also stimulate the 
proliferation, activation, and generation of CTLs, this also 
increases the likelihood of tumor-cell cylolysis [20, 70]. 
Although an effective antitumor response will promote per- 
stence of CD8+ CTL activity in the midst of a productive 
activity, it is very clear that CD8+ CTL activity alone 
cannot reduqe tumor burden [108]. In addition to CD8+ CTL 
antitumor activity, macrophages and NK cells have important 
antitumor cytotoxicity [64]. In fact, tumor cells suppress the 
local immune response by expressing inhibitory NK cell re- 
ceptors. These inhibitory receptors negatively regulate the lytic 
activity of tumor-specific CTLs and demonstrate the impor- 
tance of NK cell activity in reducing tumor burden [111, 112]. 

The development of metastasis may be under the control of 
..ylokines and chemokines released by the tumor [113-115]. 
Cancer cells attempt to circumvent cytokine signaling and thus 
evade antitumor, antigen-specific, immune cells. There is also 
an inverse correlation between IFN-7 expression in tumor- 
infiltrating lymphocytes and disease state [115]. Recent evi- 
dence suggests that IFN-7 and perforin are critical components 
of tumor-suppressor response of the immune system to protect 
against the development of carcinogen-induced sarcomas in 
•'hymic nude mice [116]. Regulation of tumor-cell immunoge- 
ijicity is key to tumor evasion of an antitumor response with 
documented evidence of altered IFN signal-transduction-re- 
sponse pathways in tumorigenic cell lines [117-119]. Together, 
these data underscore the importance of IFNs in antitumor 
activity by the host immune system. 

IFN regulation of the host immune system is important to its 
mechanism as an antitumor activity. This influence can be seen 
with IFN-a treatment, of tumor cells, which markedly increase 
'he transcription and expression of class I MHC antigens [107]. 
1FN-7 can also increase the expression of some tumor-associ- 
ated antigens and has been shown to up-regulate a variety of 
cell-surface adhesion molecules on tumor cells and effector 
cells [108, 120, 121]. As with the antiviral activity of IFN-a, 
IFN-a therapy promotes Thl/Th2 balance in proliferative dis- 
eases that induce a Th2-favored imbalance [29, 49]. Finally, 
the absence of CTL activity typically observed in patients with 
post-transplant lymphoproliferative disorders can be restored 
uh IFN-a therapy [122]. 

The antiviral effects of IFN-a treatment in Hepatitis B and 
Hepatitis C disease also suppress hepatocarcinoma and liver 
fibrosis even when complete viral -infection eradication is not 
achieved [123-126]. Specifically, IFN-a HCV clinical trials 
show a reduced incidence of morbidity or a reduction in 
cirrhosis complications [127, 128]. One possible IFN-a anti- 
tumor mechanism is the induction of cell-cycle arrest in pri- 
mary hepatocytes in a time- and dose-dependent manner [120, 
^ 29, 130]. This cell-cycle arrest is presumably a result of the 

N-a-induced inhibition of cyclin A and B induction, which 
inhibits CDK2 activity [130]. IFN-a also inhibits the prolifer- 
ation of hematopoietic progenitor cells from normal and CML 
bone marrow including myeloid,jerythroid, megakaryocyte, and 
multilineage colony-forming cells [120]. Separation of antipro- 
liferative and antiviral activities via target-gene responses 



hints at the complexity of lFN-a.-induced cellular responses in 
antitumor and anii viral mechanisms [98-100]. 

Clearance of tumorigenic cells can occur not only by a direct 
adaptive response through CTL activity but also through a 
direct induction of apoptosis [131]. IFN-a has demonstrated 
positive and negative effects on apoptosis, highlighting a "cell 
type, state of cell differentiation, and context dependency for 
the response [86, 131]. In fact, IFN-a may play a role in 
inducing apoptosis in hematopoietic progenitor cells undergo- 
ing uncontrolled cellular proliferation [131]. Recent data sug- 
gest that IFN-a and IFN-7 sensitize cells to apoptosis through 
the up-regulation of tumor cell-surface expression of the Trail 
and Fas [132-136]. IFN-7 modulation of Fas expression makes 
carcinoma cells sensitive to antigen-specific CD8+ CTL 
attack [136]. 

The establishment of a clonal neoplasm results in the unre- 
stricted growth of the clonal mass associated with the induction 
of angiogenesis to provide sufficient blood flow and nutriture to 
the growing mass. IFNs are important for the control of tumor 
inflammation and inhibit immunologically induced angiogene- 
sis, independent of the IFN antiproliferative effects [137-140]. 
IFN-a-induced inhibition of angiogenesis is correlated with a 
decrease in (^-fibroblast growth factor (BFGF) and matrix met- 
alloprotease-9 expression and blood-vessel density. These ef- 
fects lead to a cessation of progressive tumor growth [141, 142]. 
In fact, recent studies with a mouse-bladder cancer model have 
suggested that daily injections of IFN-a at a low dose show a 
significant antitumor response in comparison with high-dose 
injection therapy three times per week [142]. These studies 
have also demonstrated that expression of IFN-(3 within a 
tumor is inversely correlated with the level of proangiogenic 
molecules and vascular density [114, 141, 143]. Furthermore, 
the IFN-regulated chemokine IP-10 is a very potent inhibitor of 
angiogenesis, suggesting that IFN-a regulation of angiogenesis 
is mediated by an indirect mechanism [138]. 

By potentiating and supporting the host's immunological 
response against neoplastic disorder or viral infection, IFN-a 
therapy may enhance self-vaccination. This effect occurs 
through the stimulation of CTL activity and an increase of 
nonself antigen presentation [101], IFN-a has been suggested 
for use as an adjuvant to antitumor and antiviral vaccines and 
for use in post-surgical, high-risk disease [42, 70, 102, 144, 
145]. It is thought that the IFN-a inhibition of early T-cell 
activation events is important to effectively suppress adjuvant 
arthritis in rats and down-regulate delayed-type hypersensitiv- 
ity and lymph node proliferation induced by allergen presen- 
tation [26]. Furthermore, IFN-a activity is similar to that seen 
with the mycobaclerium Bacillus Calmette-Guerin (BCG) vac- 
cination. Both treatments show a strong effect on macrophage 
activity, and they activate T-cell responses and induce IFN-7, 
TNF-a, and IL-1 protein expression/secretion [146-150]. BCG 
vaccination efficacy is not a result of a markedly local inflam- 
matory response; it also involves a systemic immune response 
involving Th cell and mononuclear cells and, in fact, may be 
mediated by the direct up-regulation of IFN-a [151]. 

CML 

CML malignancy is derived from an abnormal tyrosine-kinase 
activity that is thought to protect CML cells from apoptotic 
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death [J 01]. IFN-a use? immunological mechanisms lo down- 
regulate CML cell growth [120, 152]. Prolonged patient sur- 
vival times are observed with IFN-a treatment correlating with 
a normalization of hematologic indicators. CML treatment with 
IFN-a yields a complete hematological response in 80% of all 
patients [120]. Approximately 20% of all CML patients treated 
with IFN-a see a reduction of cells bearing the 9-22 chromo- 
somal translocation over the course of a 12- to 24-month 
therapy regimen, demonstrating a complete cytogenetic re- 
sponse [101]. The up-regulation of NK cell activity with IFN-a 
treatment is correlated with clinical remission of CML, sug- 
gesting a direct immunological effect of IFN-a on the host 
immune system for clinical efficacy [58]. Recently, direct 
evidence of a role for T-cell immunity in clearance of malig- 
nant cells has been shown, correlating the presence of CML 
peptide-specific T cells and clinical response after IFN therapy 
[153]. Similar effects were seen with allogenic bone marrow- 
transplant therapy but not chemotherapy. These results suggest 
that IFN-a can induce CML remission by facilitating autolo- 
gous leukemia-reactive CTL expansion [153, 154]. 

Because CML progenitors are unresponsive to 01-integrin- 
mediated inhibition of proliferation, it has been suggested that 
IFN-a treatment may actually reverse this responsiveness and 
restore the integrin regulation of cell growth and proliferation 
[155]. Similar effects have been seen with treatment of naive T 
cells and lymphocyte proliferation in lymphoproliferative dis- 
orders where IFN-a directly inhibits [5, 120, 156]. Thus, the 
IFN-a mechanism of action in CML therapy minimally in- 
volves antiproliferative and immunological components and 
may also explain the efficacy against other lymphoproliferative 
disorders. 

Melanoma 

Maximally tolerated doses of IFN-a have been used in mela- 
noma patients at high risk of* reoccurrence after surgery [101]. 
In 20% of all IFN-a-treated patients, there is tumor-burden 
regression and reduction of reoccurrence rale [101, 157]. Pre- 
liminary data correlate therapy relapse with melanoma cell 
expression of nonclassical human leukocyte antigen (HLA) 
molecules (HLA-G) prior to IFN therapy [158]. These data 
suggest that IFN-a-therapy unresponsiveness might be a result 
of altered NK cell immunosurveillance. Additional work needs" 
to be performed to further understand cancer patient respon- 
siveness to IFN therapy. 

In murine melanoma models and clinical trials, IFN-a ther- 
apy shows a greater antitumor activity when the tumor burden 
is reduced [101, 159]. Thus, the antitumor activity of IFN-a 
against melanoma seems to be a dose-intensive effect [101]. 
IFN-a alone and as an adjuvant in combination treatment with 
GM2 vaccine showed improvement in relapse-free survival of 
patients [160, 161]. These effects might be related lo the 
adjuvant activities of IFN-a. The success of IFN-a against 
melanoma has led to suggestions of combination use with more 
traditional chemotherapeulic agents [102]. Future, clinical tri- 
a^ wiU determine whether IFN-a combination therapy proves 
more efficacious than single-drug therapy. 



ANTIVIRAL IMMUNOLOGY j 

I 
i 

IFN-a plays a .very important role in the host antiviral defense 
by directly inhibiting the intracellular-viral lifecycle or by 
regulating the immune-system T-cell response during viral 
infection [19, 162]. IFN -a, -(5. and -7, together and separately, 
inhibit most stages of replication and the lifecycle of a wide 
variety of viruses. For example, SV40 and retroviral entry/ 
uncoating are inhibited by IFN treatment, while influenza, 
VSV, and picornaviruses are inhibited by disruption of viral 
RNA transcription and decreased vRNA stability. Adenovirus, 
reovirus, and vaccinia virus have been shown to be inhibited 
by IFNs at the stage of viral protein translation, while retrovi- 
ruses and VSV virus replication are inhibited by a block in 
viral particle maturation and release [86]. IFN activation of the 
2',5' OAS and PKR proteins inhibits the cellular, protein- 
synthesis machinery that may play an important role in inhib- 
iting viral replication or tumor growth (for review, see refs. [21, 
86]). Most importantly, although in vivo viral infection models 
aide in the elucidation of antiviral immunology, the mechanis- 
tic complexity of the IFN-a control of the host immune system 
demonstrates how many activation pathways must exist, 
through diverse target genes, lo induce an antiviral slate [8, 40 
163, 164]. 

Studies with IFN-a/3R~ /- mice have yielded information 
regarding the regulation of the immune system by IFN-a to 
control viral infection. Although these mice have an otherwise 
normal immune system, they are unable to eradicate viral 
infection, have a markedly reduced NK cell activity response 
to infection, and lack an antiviral CD8+ T-cell CTL activity [8, 
40]. Because in vivo expression of IFN-a induces an antiviral 

also 



mice 



state that can protect permissive cells, IFN-a/|3R" 
show altered cell and tissue tropism during viral infection 
[165]. Notably, IFN-a/pR~'~ mice are highly susceptible to 
viral infections despite an intact IFN-7 host immune-response 
pathway. Although lacking IFN-a/p induction of IFN-7, IFN- 
a/0R 1 mice use IL-12 to regulate IFN-7 production alter- 
natively, demonstrating a functional redundancy and plasticity 
within the immune system [40]. However, this functional re- 
dundancy of activating IFN-7 expression is unable to replace 
the loss of lFN-a/0 antiviral activities. Thus, IFN-a and IFN-7 
are nonredundant functionally and are essential for antiviral 
defense [8, 164]. In fact, although the IFN-a signal -transduc- 
tion pathway is independent of IFN-7 activity, it is augmented 
by IFN-7 expression and the expanded signal-transduction 
network of IFN-7 activity [20, 37-39, 41, 42]. 

Because an effective adaptive-immune-response defense re- 
quires previous exposure of host to the virus, the virus can 
succeed in establishing an active infection of the host in the 
absence of an effective adaptive response. Many studies have 
demonstrated that in an in vivo infection, the initial response 
by innate-immune cells is to increase production of IFN-a/p to 
stimulate NK cell activity [34, 56, 57]. Recent experiments 
have shown that NK cell activation receptors are a component 
of in vivo resistance to viral infection and vital to innate-host 
response. This activity is based on the fact that NK cells use 
host activation/inhibition receptors to influence cytolytic activ- 
ity [166]. 
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Imimmosurveillance of virally infected cells is an impur- 
lant component ol the liosl adaptive- immune response. Dur- 
ing a typical viral lifecycle. some of the viral proteins are 
transported to the cell surface as intact proteins or as 
peptide fragments that have been processed by the intracel- 
lular ubiquitin/proteosome/transporter in antigen processing 
TAP) mechanism for presentation by the cell's MHC scaf- 
>lding. In addition to up-regulating class I MHC expres- 
sion. IFN-a and IFN-7 can enhance the proteolytic process- 
ing and class I MHC presentation of viral antigens through 
the up-regulation of ubiquitin-conjugating enzymes, proteo- 
some enzymes, and TAP transporter proteins [94, 167, 168]. 
Because ubiquitination is a rale-limiting step in antigen 
presentation, this means that IFNs can enhance antigen 
presentation by macrophages [94]. This is very important to 
! u>st production of an antibody-specific cellular-cytotoxic 
r:sponse against the virally infected cell. When the viral 
antigen is presented in a cognate relationship on the in- 
fected host cell and when driven by an IFN-a-stimulated 
Thl T-cell response, there is a directed, adaptive, cell- 
mediated response by the CD8 + CTLs. Once an antigen- 
specific CD8+ T cell is generated, IFN-a can stimulate its 
CD8+ CTL activity directly [20, 70]. Numerous virus- 
infection models have demonstrated that activation of 
' !D8+ CTL is critical for clearing viremia early in a primary 
infection, presumably because the CD8+ T cells are capa- 
ble of lysing virally infected cells in an antigen-specific, 
HLA-restricted way [169]. Furthermore, in vivo exposure to 
IFN-a during the primary immune response to a viral in- 
fection induces a nonspecific, bystander CD8+ T-cell pro- 
liferation and promotes the survival of antigen-specifip and 
nonspecific CD8+ memory T cells [70]. Tough et al. [70] 
present evidence that maintenance of memory CD8+ T cells 
- not through TCR stimulation but rather through intermit- 
tent contact with a variety of cytokines. The maintenance of 
memory CD8+ T cells in the absence of antigen presenta- 
tion ensures an antigen-specific immune response during 
future infections. 

Clearance of virally infected and tumorigenic cells as a 
result of IFN-a treatment can occur not only through an 
indirect adaptive response and the activation of a CTL re- 
sponse but also via the direct induction of apoptosis. Recent 
.udies have suggested that IFN-a sensitizes cells to apoptosis 
through many of its transcriptionally regulated genes, includ- 
ing IRF-1, PKR, and 2',5' OAS [86, 131]. Specifically, the 
DNA-binding activity of IRF-1 has been shown to up-regulate 
the transcription of Caspase 1 in T cells in response to DNA 
damage [170]. Although IRF-3 is not regulated transcription- 
ally by IFN-a, IRF-3 is activated during viral infection by an 
unknown kinase and is a potent inducer of apoptosis [88]. 
'FN-a-regulated gene products have also been linked with Trail-, 
as-, p53-, c-myc-, and Bcl-2-dependent apoptosis [133, 135, 
136, 17L 172]. These IFN-a-reguIated, apoptotic mechanisms 
are thought to be important not only for the elimination of virally 
infected cells but also for the elimination of activated T cells, 
which limits a T-cell response and is a mechanism for controlling 
the proinflammatory response- immune system [134]. 



LCMV 

LCMV is a noncytopathic virus that can induce a persistent/ 
chronic infection and has taught much about antiviral immu- 
nology in animal model systems [173]. LCMV demonstrates 
general and virus-specific CD8+ effects, such as the ability of 
virus-specific CD8+ cells to cycle/regujate cytokine secretion 
and maintain a steady state of perforin expression [174]. Stud- 
ies in murine persistent/chronic-infection models have shown 
that in the absence of IFN-a, there is no CTL response to 
LCMV-infected cells, which results in unregulated LCMV in- 
fection [40]. LCMV studies have also demonstrated that com- 
plete exhaustion of T-cell immunity allows for the persistence 
of viral infection and the depletion or silencing of viral- and 
antigen-specific cytotoxic T cells [175-177]. Such studies 
show a selective deletion of epitope-specific memory CTLs 
following infection with heterologous/un related viruses [178]. 
These experiments have demonstrated that LCMV infection is 
a model system where memory T-cell populations for multiple 
pathogens are accommodated over the course of a host's life- 
time. It is clear from in vivo studies using LCMV that the 
balance of CD4+ and CD8+ cell populations within a host is 
important [179]. In these studies, the absence of CD4+ cells 
results in virus-specific CD8+ effector cells that did not se- 
crete IFN-7 and were unable to kill virally infected cells [177, 
179]. This has a clear impact on the host's ability to respond to 
viral infection, and these findings are similar to CD4+/CD8+ 
T-cell codependency data derived from CD4 _/ ~ mice [180]. 
Furthermore, LCMV studies with IFN-a^R"'" mice have 
demonstrated that IL-12 stimulation of IFN-7 in the absence of 
IFN-a is not enough to clear the viral infection [40]. Thus, 
although the antiviral activity of IFN-a has been shown to be 
synergistic with IFN-7, together IFN-a and IFN-7 are critical 
components of the host immune response [78, 164]. 

HCV 

IFN-a has been the most successful antiviral/immunological 
therapy for the eradication of HCV infection. A comprehensive 
review of HCV and the disease induced by infection can be 
found in ref. [181]. Furthermore, thorough reviews of HCV 
infection regarding genotype-specific differences and patient 
responders versus nonresponders will not be discussed in this 
review but can be found elsewhere [182, 183]. Pertinent to this 
review, there are immune-related dysfunctions in addition to 
the liver cirrhosis associated with chronic HCV infection. The 
immune-system dysfunction is specific to the phase of HCV 
infection/disease. For instance, a strong Thl response and 
subsequent weak or absent Th2 response are observed in 
patients with acute HCV infection. This is in stark contrast to 
patients that develop a chronic HCV infection and show a 
predominant Th2 response correlated with weak Thl activity 
[183]. During chronic HCV infection, CTL activity lyses HCV- 
infected cells, and there is a correlation between the presence 
of intralobular CD8+ T cells and high-serum alanine amino- 
transferase (ALT) levels [184]. 

Important to this discussion, there is a marked decrease in 
HCV RNA levels in patient sera after IFN-a treatment [128]. 
The earliest possible treatment with IFN-a is important to the 
dose-dependent viral-load reduction and term efficacy [185]. 
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Recent clinical trials have revealed important IFN-a immuno- 
reguiatory effects, including a restoration of Thl/Th2 ho- 
meostasis, decreased liver necrosis, decreased inflammation, 
and a normalization of ALT serum levels associated with IFN-a 
treatment of HCV-infected individuals [128. ]83]. IFN-a ther- 
apy also counteracts the proinflammatory response by increas- 
ing the circulating concentration of soluble 1L-1R and thus, 
inhibiting IL-1 activity [45]. Other immunological effects of 
IFN-a treatment are the increase of macrophage- and lympho- 
cyte-activation markers (such as CD69) after IFN-a treatment 
and an enhancement of NK cell cytotoxicity, which is corre- 
lated with* clinical and pathological regression of chronic HCV 
infection [59, 162]. Clinical trial data support the hypothesis 
that the success of IFN-a therapy is to potentate the host's 
pre-existing, antiviral response, which in the absence of 
IFN-a, is insufficient to eradicate the viral infection [61, 186]. 

Although IFN-a treatment has demonstrated a decrease in 
HCV RNA load in a portion of the patient population, signif- 
icant clinical effects have been observed in patients with 
chronic hepatitis C infection treated with a combination of 
IFN-a plus Ribavirin [183, 187], a broad -spectrum, antiviral, 
ribonucleoside analogue that interferes with viral transcription, 
inhibits ribonucleoprotein synthesis, and has been suggested to 
be an RNA virus mutagen [187, 188]. Clinically, the combi- 
nation of IFN-a and Ribavirin is synergistic and over 24 or 48 
weeks of therapy, gives overall, sustained virology response 
rates of 33 and 41%, respectively [183, 187]. Mechanistically, 
it has been suggested that IFN-a and Ribavirin treatment in 
HCV chronically infected patients up-regulates IL-10 and 
down-regulates IL-2 and IL-12 to inhibit or reduce a cytolytic 
inflammatory response [187]. In comparison to single-drug 
therapy, the combination with IFN-a and Ribavirin also ap- 
pears to restore the balance between the Thl and Th2 cell 
populations more quickly and improve the efficiency of a 
cytolytic T-cell response in HCV-infected cells [183, 187]. 

'Die pegylated modification of IFN-a (PeglFNa) results in a 
protein that has a longer protein half-life in patient sera and 
shows equivalent activity compared with the unmodified IFN-a 
[189]. Clinically, the antiviral activity of combined PeglFNa/ 
Ribavirin treatment was shown to be dose-related and syner- 
gistic compared with PeglFNa monotherapy [190]. Compared 
with the administration of IFN-a three times weekly, once- 
weekly administration of PeglFNa reduced renal clearance 
and improved the combination efficacy associated with reduc- 
ing viral load and cirrhosis complications [191, 192], PeglFNa 
clinical trials suggest that key antiviral and immunological 
mechanisms can be modulated by prolonged exposure to 
IFN-a, effectively reducing the drug-dosing regimen. In com- 
parison with IFN-a, PeglFNa therapy also demonstrates an 
improved Th2 down-regulation, increased macrophage activity, 
down-regulation of CD4/CD8 activation after viral challenge, 
and improved HCV antiviral efficacy [190-192]. 

Inhibition of HCV replication in tissue-culture conditions, 
where there is no immune-system response, has been shown 
recently [193]. One of the" primary IFN-a antiviral activities 
that attempts to inhibit HCV replication and translation initi- 
ation is the PKR protein. As a viral defense against intracel- 
lular IFN activity, the HCV viral proteins NS5A and E2 inhibit 
l^R^activity [194-197]. Presumably, IFN-a also inhibits 



HCV replication in a manner similar to that observed with 
hepatitis B virus (HBV)-replication inhibition, where IFN-a 
inhibits the production of progeny viruses by blocking the 
reverse-transcriptase activity of the HBV polvmerase protein 
[86, 198]. However, because an HCV-in vitro replication sys- 
tem has only been developed recently, much of the mechanism 
of action of IFN remains to be elucidated [199, 200]. 

Human immunodeficiency virus (HIV) 

Recently, IFN-a therapy has been suggested as a treatment for 
HIV-infected individuals. In this situation, IFN-a is unique in 
its mechanism of action when compared with highly active, 
antiretroviral therapy (HAART) [201]. As an antiviral and 
immunotherapeutic drug, it is suggested that IFN-a can boost 
the host's immune system in response to HIV infection. Im- 
portant to its viral tropism is the fact that HIV can replicate in 
quiescent and stimulated cells. Because the primary host re- 
ceptor for HIV is the CD4 protein, macrophages, CD4+ T 
cells, DCs. and monocytes are infected initially or during 
reinfection from a reservoir [202-208]. Given the viral tropism 
for CD4+ T cells, it is not surprising that numerous immuno- 
logical abnormalities occur during the asymptomatic period of 
HIV infection [209-212]. Because pDC2s represent the "pro- 
fessional" IFN-producing cells and have potent APC activity 
important in host defense, preservation of these cells is asso- 
ciated with disease protection [15, 16]. Recent data presented 
by Soumelis et al. [213] demonstrate a negative correlation 
between the number of circulating, natural IFN-a-producing 
cells (pDC2s) in patient blood and HIV viral load. This is the 
first study demonstrating that pDC2s are affected during HIV 
infection. pDC2 blood measurements also suggest that these 
cells play an important role in the protection against opportu- 
nistic infections and Kaposi sarcoma. Thus, a measure of 
patient pDC2 blood levels could prove to be an important 
parameter to monitor in assessing the status of the immune 
system in HIV-infected patients. During HIV infection, there is 
a decline in the CD4+ and CD8+ T-cell populations, de- 
creased CD4+ Th-cell activity, failed Ig response in B cells, 
and decreased IFN-7 production by the host immune system 
[209, 214-216]. The progressive loss of CD4+ T cells is 
presumably because of direct HIV infection and subsequent 
cell deletion [210, 217]. Some studies have shown that 
CXCR4+/CD8+ T-cell death is macrophage-dependent and 
enhanced during HIV infection by the direct stimulation of 
macrophage cytotoxicity by the HIV gp 120 protein [218]. How- 
ever, the mechanisms regulating the premature turnover of 
CD4+ and CD8+ T cells are still not well-elucidated. 

Important to this discussion is the fact that long-term non- 
progressors maintain an antiviral HIV Th-cell response during 
infection. In HIV-infected individuals, the disruption of the 
adaptive immune response correlates with an increase in viral 
load, a decline in CD8+ CTL activity, and AIDS progression 
[219-222]. Recent studies have shown that there is a concom- 
itant increase in circulating IL-7 levels, which is indicative of 
a homeostatic increase of IL-7 by DCs in response to T-cell 
depletion [223]. As has been seen in murine LCMV models, 
the loss of the CD4+ T-cell population negatively impacts the 
ability of the host to clear the viremia [48, 224, 225]. Further- 
more, Champagne el al. [212] have shown that there is a 
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skewed maturation of HI Y -specific CD8-r T cells during HIV 
infection with an accumulation of prelerminaiiy differentiated 
memory T cells, possibly as a result of the rapid turnover of 
terminally differentiated CD8 + T cells. Apparently, this effect 
is HlV-specific. because il was not seen in CMV-infected 
patients. 

As was demonstrated with LCMV studies, CD8+ T cells 
■lay a critical role in controlling HIV viremia [220, 226-229]. 
This is supported by in vivo animal experiments that show that 
in CD4 W ~ mice, the CD8+ T cells have normal cytotoxic 
activity but there is a greatly reduced development of class II 
MHC-restricted Th-cell activity [180]. In fact, two antiviral 
. activities of CD8+ T cells have been described during HIV 
infection. The first mechanism involves direct cytolysis of 
HIV-infected cells in an antigen-specific, HLA-restrictive 
manner [220, 230]. The second mechanism involves the secre- 
•on of soluble factors [including the chemokines macrophage- 
inflammatory protein (MlP)-la, MIP-ip, and regulated on 
activation, normal T expressed and secreted (RANTES)], which 
antagonize HIV binding to the CCR5 coreceptor [231, 232]. 
CD8+ T-cell secretion of CCR5 agonists inhibits R5-HIV 
binding to its host coreceptor, CCR5, and suppresses post- 
entry viral replication by down-regulating transcription in 
HIV-infected cells. This inhibition occurs without inducing 
rell death [47, 222, 224, 226, 229, 233-237]. 

During HIV infection, the host immune system makes virus- 
specific CTLs from epitopes within the Env, Gag, Pol, Nef, Tet, 
Tat, and Rev HIV proteins [220, 221, 230, 238, 239]. Rosen- 
berg et al. [224] have demonstrated that the systemic control of 
HIV viral load was associated with an HIV-specific CD4+ 
T-cell response to the p24 protein. As the HIV infection 
progresses, there is a deletion or silencing of CTL populations 
specific for the gag, p24, and NP epitopes [221, 239]. Further- 
more, rapid AIDS progressors elicit only a transient Gag- 
;.>ecific CTL response that correlates to an apparent inability to 
control viral replication and spread [239]. Although these 
"unresponsive" CD8+ CTL cells have TCR signal recognition, 
they do not proliferate in vitro [240]. These effects result in 
decreased HIV-antigen exposure or recognition and thus, de- 
creased immunosurveillance capability. 

It has been firmly established that HIV binding and entry ' 
into a host cell are dependent on the CD4 receptor and the 
^emokine coreceptors CCR5 and CXCR4 [231, 241]. How- 
er, given the dramatic loss of CD8 + T cells during HIV 
infection, a direct infection of CD8+ T cells by HIV has been 
suggested [206, 242]. Recent analysis of chronically infected 
patient sera has detected HIV isolates that infect T lympho- 
cytes independent of CD4 binding, suggesting that their pri- 
mary host receptor is actually the CD8 protein [243, 244]. The 
significance of this finding has to be more thoroughly examined 
to determine the percentage of CD8-specific HIV isolates in 
- patient population. Although a direct HIV infection might 
t'lain the loss or depletion of CD8+ T cells observed in HIV 
patients, there is also strong evidence that the primary method 
for reduction of the CD8 + population is the macrophage- 
mediated apoplosis of HIV-infected and uninfected CD8+ T 
cells [218]. These literature inconsistencies remain to be clar- 
ified. 



There are many ways that HlV-1 infection attempts to con- 
trol the host immune system and block IFN intracellular, 
antiviral activity. Similar to scenarios seen with HCV infection • 
the HIV-1 Tat protein has demonstrated anti-IFN activity by 
inhibiting PKR activity directly [245, 246]. Meanwhile the 
HIV-1 Nef protein down-regulates class I MHC expression at 
the cell surface by delaying transport from the endoplasmic 
reticulum to the plasma membrane. This effect down-regulates 
antigen presentation by the HIV-infected cell [247]. Further- 
more, like most retroviruses that down-regulate expression of 
their respective receptor, HIV also down-regulates the cell- 
surface expression of the CD4 protein through the activity of 
the viral Nef protein [248]. This may have a significant impact 
on the normal host cell, signal-transduction cascades. 

This emphasizes the potential, positive influence of IFN-a 
treatment in HIV-infected individuals, given its proven regu- 
lation of the adaptive-immune response. In vitro studies with 
IFN-a treatment of HIV-infected cells have shown a suppres- 
sion of virion production during early stages of viral replication 
[249-254]. Type 1 IFNs also been shown to down-regulate 
CCR5 and CXCR4 chemokine-receptor expression on T-cell 
surfaces [46, 47]. Finally, IFN-a is thought to protect a cell 
from viral infection and protect viral antigen -specific T-cell 
clones. In fact, in vitro experiments with HIV-1 -specific T-cell 
clones, which are eliminated typically during HIV-1 infection, 
are protected with IFN-a treatment [255]. In theory, in vivo 
treatment with IFN-a can reverse or overcome most of these 
HIV infection-specific, negative effects on the host immune 
response. As has been seen with HAART, decreasing viral load 
can reverse HIV-driven, CD4+ T-cell defects in AIDS patients 
[201]. In fact, recent phase II clinical trials with PEG-Intron 
have shown a 0.5-log decrease in viral titer during Peg-Intron 
treatment (unpublished results). It will be important to deter- 
mine if in an HIV clinical trial, IFN-a counteracts proinflam- 
matory cytokines such as IL-1, as was seen with IFN-a therapy 
in chronic HCV-infected individuals [45]. Thus, future clinical 
trials with IFN-a treatment of HIV-infected individuals may 
expand our knowledge of IFN-a regulation of the immune 
system in immunocompetent and immunocompromised pa- 
tients. 

CONCLUSION 

The IFN-a mechanism of action as an antineoplastic and 
antiviral therapy has been elucidated slowly in the past 20 
. years because of the inherent complexity of the immune-system 
response to neoplastic and viral disease. Given these difficul- 
ties, it is understandable that the first-identified. IFN-a activ- 
ities were direct, intracellular effects involving the inhibition of 
viral replication. However, even the direct antiproliferative/ 
proapoplotic IFN-a activity is important to immune-cell func- 
tion and plays a role in regulating the host immune response to 
disease. Furthermore. IFN-a acts directly and indirectly on 
many cell functions in the immune response to neoplasm and 
viral infection, including the induction of important down- 
stream cytokines such as IFN-7. As an early response cyto- 
kine, IFN-a is poised as a key priming cytokine for the 
immune antineoplastic and antiviral response. Local effects of 
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if.N-a expression include the activation of an immediate and 
effective innate-immune response. IFN-a then plays a critical 
role in directing the transition from innate to adaptive immu- 
nity through a variety of mechanisms including (the control of 
host Thl/Th2 responses and the regulation of CD8+ CTL 
activity and memory. The expanding body of preclinical expe- 
rience with IFN-a suggests that immunomodulation plays a 
significant role in mediating the therapeutic effects exhibited 
in clinical trials. However, to date, an explanation for the 
mechanism of action of IFN-a in various disease states remains 
theoretical but clearly deserving of further study. Given the 
complexity of IFN-a regulation cited herein, much of the work 
will have to come from animal studies in which the immune 
system can be manipulated. Unfortunately, many of the dis- 
eases for which IFN-a is indicated are not modeled easily in 
animals. Thus, additional disease models and future clinical 
trials will be needed to elucidate the role of IFN-a in immune- 
system regulation. 
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